Journal  of  Power  Sources  196  (2011)  2164-2170 


ELSEVIER 


Contents  lists  available  at  ScienceDirect 

Journal  of  Power  Sources 

journal  homepage:  www.elsevier.com/locate/jpowsour 


in 

SllbudtS 


Iron  oxide  porous  nanorods  with  different  textural  properties 
and  surface  composition:  Preparation,  characterization 
and  electrochemical  lithium  storage  capabilities 

Pedro  Tartaj*,  Jose  M.  Amarilla** 

Instituto  de  Ciencia  de  Materiales  de  Madrid  (CSIC),  Campus  Universitario  de  Cantoblanco,  28049,  Madrid,  Spain 


ARTICLE  INFO 


ABSTRACT 


Article  history: 

Received  12  May  2010 
Received  in  revised  form 
22  September  2010 
Accepted  30  September  2010 
Available  online  8  October  2010 


Keywords: 

Iron  oxide 
Nanorods 
Anodes 

Porous  materials 

Self-assembly 

Batteries 


We  here  report  a  method  for  the  facile  and  large  scale  preparation  of  lithium-ion  battery  anodes  based  on 
a-Fe203  (hematite)  nanorods  with  different  textural  characteristics  and  surface  composition.  The  method 
combines  electrostatically  driven  self-assembly  approaches  with  specific  adsorption  and  magnetically 
easy  to  disrupt  soft  aggregates.  Special  emphasis  has  been  set  to  correlate  the  textural  characteristics 
(porosity)  and  surface  composition  (core,  core-nanoshell  and  core-double  nanoshells)  of  nanorods  with 
their  electrochemical  response.  Thus,  we  have  shown  that  nanorods  present  a  nanophase  whose  spe¬ 
cific  capacity  strongly  depends  on  the  lithium  transport  distances  (nanorods  with  slit-shape  mesopores 
running  along  their  long  axis  vs.  non-porous  or  surface  blocked  nanorods).  We  have  also  shown  that 
the  capacity  retention  of  this  nanophase  after  several  charge-discharge  processes  depends  on  maintain¬ 
ing  the  structural  integrity  of  the  nanorods.  Essential  for  the  success  of  this  latter  study  has  been  the 
use  of  nanorods  that  offer  a  simple  tool  (oriented  X-ray  line  broadening)  to  follow  their  electrochemi¬ 
cal  grinding.  Our  data  suggest  that  a-Fe203  mesoporous  nanorods  could  both  operate  at  a  voltage  and 
retain  a  capacity  similar  to  that  of  nanostructured  lithium  titanates  anodes  if  actions  are  taken  to  prevent 
electrochemical  grinding. 

©  2010  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

The  development  of  next-generation  lithium  ion  batteries  is  a 
key  to  the  success  of  electric  and  hybrid  electric  vehicles,  next  gen¬ 
eration  electronic  devices  and  implantable  medical  devices  [1-4]. 
Ideal  batteries  should  be  inexpensive,  have  high  energy  density, 
and  be  made  from  environmentally  friendly  materials.  Iron  oxide  is 
one  of  the  main  components  of  the  earth’s  crust  which  explains  the 
interest  in  developing  Li-ion  batteries  anodes  based  on  hematite 
(a-Fe203)  [2,5-15].  Reports  on  the  electrochemical  reduction  of 
a-Fe203  with  metallic  Li  to  give  metallic  Fe  date  back  to  the  ear¬ 
lier  1980s  [16-18].  It  is  not,  however,  up  to  the  pioneering  work 
of  Tarascon  and  co-workers  in  the  year  2000  on  the  reversible  full 
reduction  of  3d-metal  oxides  that  the  research  on  a-Fe203  elec¬ 
trodes  was  not  reignited  [  1 9].  So  far  most  of  the  studies  on  a-Fe203 
anodes  have  been  focused  in  producing  anodes  with  high  capacity. 
Excluding  some  works  that  report  capacity  retention  at  200  cycles 
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of  about  1300  mAh  g-1  which  comes  to  a  surprise  given  that  the  the¬ 
oretical  capacity  is  1007  mAhg-1  for  full  reduction  ( 1300  mAh  g-1 
would  involve  both  a  significant  and  highly  reversible  contribu¬ 
tion  from  the  electrolyte)  [1 5],  a  fundamental  drawback  of  a-Fe203 
anodes  is  the  rapid  loss  of  capacity  during  the  first  cycles  when 
operating  at  voltages  able  to  fully  reduce  them  to  metallic  iron 
[6,7,12,13]. 

Our  interest,  thus,  in  a-Fe203  anodes  is  not  based  on  its  full 
reduction  to  give  metallic  iron  but  rather  in  recent  results  reported 
by  Tarascon  and  co-workers  on  nanoscale  effects  observed  in  a- 
Fe203  anodes  [6,7].  These  authors  clearly  showed  that  a-Fe203 
nanocrystals  (20  nm)  prepared  by  hydrothermal  methods  unlike 
micron-sized  particles  give  phases  that  although  only  inserted  0.6 
Li/a-Fe203  (100 mAhg-1)  could  theoretically  insert  up  to  1  Li/a- 
Fe2  03  ( 1 70  mAh  g-1 )  at  a  relatively  high  operating  voltage  (1.6V  vs. 
Li/Li+)  [6,7].  This  relatively  high  operating  voltage  though  it  reduces 
the  specific  energy  of  the  device  could  make  these  anodes  intrin¬ 
sically  safer  compared  to  graphite,  which  has  an  operating  voltage 
close  to  Li  electroplating  potential  and  thus  raises  concerns  over  its 
safety  [20].  In  fact,  both  the  operating  voltage  and  theoretical  capac¬ 
ity  of  this  a-LixFe203  nanophase  is  similar  to  that  of  another  very 
promising  anode  (nanosized  Li  titanates).  These  lithium  titanate 
spinels  operate  at  voltages  about  1.4-1.6V  and  have  a  theoretical 
capacity  of  1 75  mAh  g-1 . 


P.  TartajJ.M.  Amarilla  /  Journal  of  Power  Sources  196(2011)  2164-2170 


2165 


As  above-mentioned  a  problem  found  in  a-Fe203  nanocrystals 
(20  nm)  prepared  by  hydrothermal  methods  is  that  only  insert  up  to 
0.6  Li/a-Fe203  (0.5  Li  after  about  1 0  cycles  at  C/5  ( 1  Li/5  h))  [6,7].  The 
existence  of  a  gradient  in  the  lithium  concentration  within  the  par¬ 
ticles  is  the  basis  for  the  reduction  in  Li  uptake  of  a-Fe203  nanocrys¬ 
tals  [7].  The  outer  part  of  the  particles  would  be  locally  the  richest  in 
lithium  and  their  inner  part  would  consist  in  non-reacted  hematite 
or  with  very  low  lithium  concentration.  Thus,  it  seems  reasonable  to 
suppose  that  particles  with  a  relatively  open  structure  could  favor 
the  electrochemical  reaction  of  a-Fe203  with  lithium  resulting  in 
an  uptake  close  to  the  theoretical  one  for  all  the  particle  volume. 
Following  this  simple  idea,  we  here  report  the  facile  and  large  scale 
preparation  of  a-Fe203  (hematite)  nanorods  with  different  textu¬ 
ral  characteristics  (porous  and  non-porous  nanorods)  and  surface 
composition  (core,  core-shell  and  core-double  shell),  and  analyze 
their  electrochemical  response  when  used  as  anodes  in  lithium  ion 
batteries.  Specifically,  we  have  mainly  focused  for  analogy  with  the 
lithium  titanate  electrodes  in  achieving  insertion  capacities  of  1 
Li/a-Fe203  (170mAhg-1)  at  similar  operating  voltages  ( 1.4-1. 6  V 
vs.  Li/Li+).  We  have  selected  silica  and  zirconia  (inner)-silica  (outer) 
oxides  as  nanoshells  for  the  core-shell  and  core-double  shell 
nanorods,  respectively.  These  two  oxides  are  well-known  insula¬ 
tor  materials  that  could  help  us  to  study  the  influence  of  structural 
integrity  on  the  electrochemical  response  of  a-Fe203  nanorods. 

2.  Experimental 

2.1.  Preparation  of  go  ethite  precursors 

Uniform  goethite  nanorods  were  obtained  by  the  aerial  oxida¬ 
tion  of  FeS04  following  a  method  described  earlier  [21  ].  The  method 
consists  in  the  aerial  oxidation  of  FeS04  aqueous  solutions  with 
Na2C03  at  40 °C  ([FeS04]  =  0.075 mol L-1,  [Na2C03]  =  0.45  mol L-1, 
air-flow  rate  =  (2  dm3  min-1 )  and  reaction  time  =  3  h).  The  method 
allows  the  large  scale  production  of  uniform  nanorods  in  water  at 
relatively  low  temperatures  (40  °C)  and  atmospheric  pressure.  An 
additional  advantage  of  the  method  not  explored  here  is  that  the 
size  of  the  nanorods  can  be  modified  by  changing  the  Fe  (II)  salt 
and  carbonate  concentration,  the  air-flow  rate  and  the  reaction 
time. 

2.2.  Silica  coated  goethite  precursors 

Goethite  is  highly  dispersible  in  water  media  at  both  acid  and 
basic  pFI  (isoelectric  point  of  our  goethite  samples  is  about  8-9). 
Its  high  dispersability  have  allowed  us  to  develop  a  method  based 
on  electrostatically  driven  self-assembly  combined  with  specific 
adsorption  to  coat  in  a  single  experiment  with  a  large  amount 
of  goethite  per  volume  of  water  (5gL-1)  with  a  large  amount  of 
silica  (35  wt%).  A  silica  content  of  35%  corresponds  to  a  coating 
layer  of  about  5-1  Onm  for  the  a-Fe203  nanorods  having  sizes 
of  90x25nm  (as  the  ones  described  in  the  main  text  of  the 
article).  The  success  of  this  methodology  lies  on  working  in  con¬ 
ditions  close  to  a  secondary  minimum  (as  defined  by  the  DLVO, 
Derjaguin-Landau-Vervey-Oberbeek,  theory)  in  which  aggregates 
are  easily  disrupted  by  stirring.  The  methodology  consists  first 
in  reversing  the  charge  surface  of  goethite  from  a  negative  to  a 
positive  value  at  a  pFI  of  12.  We  need  to  do  this  change  for  adsorb¬ 
ing  the  negatively  charged  silicate  species  onto  goethite  surface 
and  to  start  from  a  pFI  in  which  the  silicate  species  are  still  in 
solution.  To  reach  this  goal  we  adsorb  at  a  pH  of  12  a  cationic 
polyelectrolyte  (poly(diallyldimethylammonium  chloride),  PDDA) 
which  is  typically  used  in  layer-by-layer  electrostatic  approaches 
[22].  The  PDDA  concentration  was  set  to  10-5  M.  After  adsorption, 
the  sample  was  centrifuged  and  washed  twice  with  water.  Exper¬ 


imental  evidence  of  the  polyelectrolyte  adsorption  was  achieved 
by  electrophoretic  mobility  measurements.  Then,  a  suspension  of 
this  material  containing  5gL-1  was  prepared  and  brought  to  a 
pH  of  12  using  an  ultrasound.  This  suspension  was  then  trans¬ 
ferred  to  a  magnetic  stirrer  where  KN03  (up  to  0.25  M)  was  slowly 
added.  After  30  min  under  strong  magnetic  stirring  the  neces¬ 
sary  volume  of  a  solution  of  Na2Si03  (0.1  M,  pH  =  14)  was  added 
to  give  a  final  silica  content  of  35%.  After  30  min  under  strong 
magnetic  stirring  the  pH  was  lowered  with  HN03  to  11.3  and 
the  suspension  was  again  kept  under  strong  magnetic  stirring 
other  30  min.  After  that,  C02  was  bubbled  into  the  suspension  to 
lower  the  pH  slowly.  Under  these  conditions  we  assure  that  the 
suspension  is  close  to  a  secondary  minimum  when  lowering  the 
pH  with  the  C02.  To  generate  the  C02  we  used  a  NaHC03  satu¬ 
rated  solution  (1  M)  bubbled  at  air-flow  rate  of  2  dm3  min-1.  The 
experiment  was  stopped  after  15  h  (pH  of  the  suspension  was 
8.9)  and  the  solids  were  centrifuged  and  washed  several  times. 
At  pH  between  12  (starting  point)  and  9  (ending  point)  silicate 
species  are  easily  adsorbed  onto  the  positively  charge  surface  of 
the  PDDA-goethite. 


2.3.  Goethite  nanorods  coated  with  a  zirconia  inner-shell  and  a 
silica  outer-shell 

The  double  shell  consisted  in  an  inner  zirconia  shell  (10wt%) 
and  an  outer  shell  composed  of  silica  (25wt%).  The  total  con¬ 
centration  was  set  to  a  value  of  35wt%  to  match  the  amount 
of  silica  for  the  core-single  shell  coating.  Our  approach  to  effi¬ 
ciently  deposit  zirconia  onto  the  surface  of  the  goethite  nanorods 
follows  also  a  model  that  combines  the  electrostatically  driven 
adsorption  induced  by  cationic  or  anionic  polyelectrolytes  with 
the  widely  known  capabilities  of  iron  oxides  to  specifically  adsorb 
cationic  species  in  geological  environments.  Thus,  goethite  sus¬ 
pensions  were  ultrasonically  dispersed  in  a  water  solution  at  a 
pH  of  4.  At  a  pH  of  4  the  goethite  surface  is  positively  charged 
and  the  anionic  polyelectrolyte  (poly(sodium  4-styrenesulfonate), 
PSS)  was  easily  adsorbed.  Polyelectrolyte  layers  were  restricted 
to  only  one  layer  instead  the  normally  used  three  or  five  lay¬ 
ers  to  favor  specific  adsorption  by  the  goethite  substrate  on  pH 
zones  where  repulsive  electrostatic  interactions  were  dominant. 
Polyelectrolyte  deposition  was  performed  in  magnetically  stirred 
goethite  suspensions  (5  gL-1 )  at  a  pH  of  4  and  then  washed  three 
times.  The  PSS  concentration  was  set  to  a  value  of  10-3  M.  Experi¬ 
mental  evidence  of  the  polyelectrolyte  adsorption  was  achieved  by 
electrophoretic  mobility  measurements.  After  washing,  the  nega¬ 
tively  charged  PSS-FeOOH  nanorods  were  ultrasonically  dispersed 
for  1  h  at  a  pH  of  3  and  then  the  necessary  amount  of  ZrOCl2 
was  added  to  the  dispersion.  Then,  the  magnetically  stirred  dis¬ 
persion  containing  the  dissolved  Zr02+  species  was  slowly  titrated 
with  KOH  0.5  M  until  reach  a  pH  of  4.5  (30  min  of  titration). 
The  dispersion  was  kept  at  a  pH  of  4  for  1  h  (using  KOH  0.5  M). 
By  using  this  methodology  we  assure  the  complete  precipitation 
of  the  positively  charged  Zr  oxyhydroxide  compounds  onto  the 
negatively  charged  PSS-FeOOH  nanorods.  After  deposition  all  sam¬ 
ples  were  washed  several  times  and  dried  in  an  oven  at  50  °C. 
For  the  outer  silica  coating  we  followed  a  similar  methodology 
to  that  carried  out  for  the  silica  deposition  into  the  goethite 
nanorods.  Thus,  we  first  turned  the  charge  surface  of  the  zirco¬ 
nia  coated  goethite  nanorods  at  a  pH  of  12  to  a  positive  value 
by  adsorption  of  PDDA.  Then,  a  suspension  of  this  material  was 
transferred  to  a  magnetic  stirrer  where  KN03  (up  to  0.25  M)  was 
slowly  added.  Then,  the  necessary  volume  of  a  solution  of  Na2Si03 
(0.1  M,  pH  =  14)  was  added  to  give  a  final  silica  content  of  25% 
and  the  pH  was  slowly  lowered  down  to  a  pH  of  9  by  bubbling 
C02. 
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2.4.  Thermal  treatment  and  selective  dissolution  of  the  silica  layer 

Silica  coated  a-Fe203  nanorods  were  obtained  after  heating  the 
silica  coated  goethite  nanorods  at  400  for  2  h.  Silica-zirconia  a- 
Fe203  nanorods  were  obtained  after  heating  the  silica-zirconia 
coated  goethite  nanorods  at  400  for  2h.  Porous  bare  a-Fe203 
nanorods  were  obtained  after  heating  the  silica  coated  goethite 
nanorods  samples  at  400  for  2  h  and  further  removing  of  the  sil¬ 
ica  layer  by  stirring  for  24  h  KOH  2  M  water  suspensions  of  the 
material.  Non-porous  bare  a-Fe203  nanorods  were  obtained  after 
heating  the  silica  coated  goethite  nanorods  samples  at  700  for  2  h 
and  further  removing  of  the  silica  layer  by  stirring  for  24  h  KOFI  2  M 
water  suspensions  of  the  material. 

2.5.  Sample  characterization 

Morphology,  particle  size  and  EDX  analyses  of  the  obtained 
samples  were  carried  out  with  a  TEM  JEOL  microscope  working 
at  200  keV.  The  mean  size  (X)  and  the  standard  deviation  (SD) 
were  evaluated  from  the  electron  micrographs  by  counting  100 
particles.  Phase  identification  was  performed  by  X-ray  analysis.  X- 
ray  diffraction  (XRD)  patterns  were  collected  from  5°  to  70°  (20) 
by  using  a  Bruker  D8  Advance  instrument  with  Cu  Ka  radiation 
(X  =  0.1 5406  nm)  equipped  with  a  SOLX  detector  that  efficiently 
discriminates  fluorescence.  The  instrument  was  operated  at  40  kV 
and  30  mA.  Nitrogen  adsorption  and  desorption  isotherms  were 
performed  at  -196  °C  in  a  Micromeritics  ASAP  2010  volumetric 
adsorption  system.  The  BET  surface  area  was  deduced  from  the 
analysis  of  the  isotherm  in  the  relative  pressure  range  from  0.04  to 
0.20.  Pore  size  distributions  were  estimated  using  the  BJH  model. 
Electrophoretic  mobility  measurements  were  carried  out  in  a  Zeta- 
sizer  nano  (MALVERN).  The  study  of  the  electrochemical  properties 
of  the  a-Fe203  nanorods  was  performed  in  a  two-electrode  Li- 
cells.  Positive  electrode  composites  containing  ^10  mg  of  a-Fe203 
(40wt%),  MMM  Super  P  carbon  black  (40wt%),  and  polyvinyli- 
denedifluorine  (PVDF,  20wt%)  were  made  by  stirring  for  3h  the 
powders  in  N-methylpyrrolidinone  as  fugitive  solvent.  The  solvent 
was  evaporated  at  80  °C,  and  cylindrical  pellets  (12  mm  diameter 


and  ^0.2  mm  thickness)  of  positive  electrode  were  obtained  after 
cold  pressing  at  370  MPa.  The  pellets  were  stored  at  80  °C.  The  neg¬ 
ative  electrode  was  a  lithium  foil,  which  also  operated  as  reference 
electrode.  The  electrodes  were  separated  by  a  Whatman  BSF80 
paper  soaked  in  the  electrolyte,  which  was  a  1  M  solution  of  LiPF6 
in  ethylene  carbonate  and  dimethyl  carbonate  (1:1  by  volume)  as 
supplied  by  UBE  Europe  GmbH.  The  components  were  assembled 
into  a  Swagelok®  cell  within  an  argon  glove  box  in  which  water  con¬ 
tent  was  kept  below  1  ppm.  The  cell  was  galvanostatically  cycled  at 
room  temperature  in  different  voltage  ranges  at  220  mAg-1  with 
an  Arbin  battery  tester  system  (BT4  Model). 

3.  Results  and  discussion 

3A.  Fundaments  of  the  synthetic  route  used  for  the  preparation 
of  iron  oxide  porous  nanorods  with  different  textural  properties 
and  surface  composition 

Fig.  1  shows  a  schematic  representation  of  the  methodol¬ 
ogy  used  to  prepare  hematite  nanorods  with  different  textural 
characteristics  (porous  and  non-porous)  and  surface  composition 
(core-shell  and  core-double  shell  nanorods).  Our  approach  for  the 
facile  and  large  scale  preparation  of  these  nanorods  is  basically 
based  on  the  use  of  goethite  (a-FeOOH)  as  solid  precursor  of  a- 
Fe203  nanorods.  A  look  to  the  well-known  Fe/02/H20  system  let 
us  to  anticipate  that  goethite  could  be  the  ideal  solid  precursor  to 
easily  obtain  a-Fe203  nanorods  with  different  textural  characteris¬ 
tics.  Methods  based  on  a  modified  carbonate  route  (see  Section  2  for 
details)  have  been  used  for  the  large  scale  production  of  monodis- 
perse  goethite  nanorods  [21,23-26].  In  fact,  goethite  is  one  of  the 
main  components  in  the  lateritic  soils  found  in  the  tropical  and 
subtropical  regions  of  Cuba,  Brazil,  The  Philippines,  Indonesia  and 
southern  China  [27,28]. 

Goethite  naturally  adopts  an  elongated  morphology  which 
run  parallel  to  the  [001]  direction.  On  heating  a  goethite  crys¬ 
tal  transforms  into  a  mosaic  of  highly  oriented  hematite  crystal 
(<5  nm  across)  separated  by  pairs  of  slit-shaped  micropores  (0.8  nm 
wide)  running  along  the  goethite  long  axis  (porosity  is  the  direct 


Zr02  INNER  SHELL  FOR  DOUBLE  SHELLS 
PSS/pH=3/ZrOCI 


dZZD  Pi  ^a-FeOOHp 


FeS04 


PH= 

— a-FeOOH  J  ^=> 

PDDA 


KN03  + 
SILICATE 


(^a-FeOOH^) 


ZcQ- 


Si02 


^  KOH 


SiO^ 


400  °C  ^ 


400  °C 

<^=1  a-FeOOH 


NO  STIRRING 


Porous  Hematite 
Nanorods 


Zircona/Silica  and  Silica 
Porous  Hematite  Nanorods 


Non-Porous  Hematite 
Nanorods 


Fig.  1.  Schematic  representation  of  the  experimental  route  carried  out  to  obtain  porous  and  non-porous  a-Fe203  (hematite)  nanorods  as  well  as  silica  and  zirconia-silica 
coated  a-Fe203  porous  nanorods.  Basically  a  modified  carbonate  route  has  been  used  for  the  large  scale  production  of  monodisperse  a-FeOOH  (goethite)  nanorods.  Then  a 
method  that  combines  the  electrostatically  driven  self-assembly  with  specific  adsorption  and  magnetically  easy  to  disrupt  soft  aggregates  allows  the  large  scale  coating  of 
a-FeOOH  nanorods.  Finally,  thermal  heating  is  applied  to  produce  the  coated  a-Fe203  porous  (400  °C)  and  non-porous  (700  °C)  nanorods.  Bare  porous  or  non-porous  a-Fe203 
nanorods  are  obtained  by  removing  in  basic  media  the  silica  coating  of  the  silica  a-Fe203  coated  nanorods. 
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consequence  of  dehydroxilation).  On  continued  heating  hematite 
crystallites  grow  by  a  surface  diffusion/coalescence  process  and 
the  micropores  are  converted  into  mesopores  to  finally  disap¬ 
pear  at  temperatures  above  600-700  °C  [29].  Furthermore  goethite 
seems  also  a  suitable  material  to  easily  obtain  core-shell  a-Fe203 
nanorods.  On  one  hand  goethite  is  widely  reported  to  have  unique 
capabilities  to  specifically  adsorb  cationic  species  in  geological 
environments  [30].  On  the  other  hand,  relatively  concentrated  col¬ 
loidal  aqueous  suspensions  of  goethite  can  be  easily  prepared. 
These  two  properties  indicate  that  a  method  based  on  the  elec¬ 
trostatically  driven  adsorption  induced  by  cationic  or  anionic 
polyelectrolytes  could  be  developed  for  the  large  scale  produc¬ 
tion  of  core-shell  structures.  Specifically  by  working  in  conditions 
close  to  a  secondary  minimum  (as  defined  in  the  DLVO  the¬ 
ory,  Derjaguin-Landau-Vervey-Oberbeek)  in  which  aggregates  are 
easily  disrupted  by  stirring,  we  have  been  able  to  coat  in  a  sin¬ 
gle  experiment  a  large  amount  of  material  onto  a  large  amount  of 
nanorods  (see  Section  2  for  details). 

A  drawback  of  the  method  is  that  interparticle  sintering  takes 
place  simultaneously  to  pore  coalescence  and  disappearing.  Thus, 
to  preserve  the  rod-like  morphology  during  the  heating  that  leads 
to  porous  a-Fe203,  a  protecting  layer  must  be  deposited  onto  the 
surface  of  goethite.  However,  this  drawback  does  not  suppose  a 
significant  inconvenient  because  the  method  developed  for  the  effi¬ 
cient  deposition  of  a  nanoshell  allows  us  also  to  efficiently  deposit 
suitable  coatings  to  prevent  interparticle  sintering  during  heating 
(see  Section  2  for  details).  For  example,  silica  that  can  be  easily 
dissolved  in  basic  media  after  heating  seems  a  suitable  protective 
layer  to  obtain  uncoated  porous  and  non-porous  nanorods.  Silica 
nanoshells  as  we  will  see  below  also  allow  us  to  study  the  influence 
of  structural  integrity  on  the  electrochemical  response  of  a-Fe203 
nanorods. 


3.2.  Crystallochemical,  morphological  and  textural  characteristics 
of  a-Fe20 3  nanorods 

Heating  silica  coated  goethite  precursors  at  temperatures  of 
400°C/2h  followed  by  selective  removing  in  basic  media  of  the 
silica  layer  (see  Section  2  for  details)  leads  to  a-Fe203  nanorods 
(90  x  25  nm)  with  slit-shaped  mesostructured  porosity  centered 
about  5nm  and  a  BET  surface  area  of  150m2g-1  (Figs.  2  and  3). 
Heating  at  700°C/12h  followed  also  by  the  selective  removing  of 
the  silica  coating  (Figs.  2  and  3)  leads  to  bare  a-Fe203  nanorods  with 
a  significant  reduction  in  both  the  pore  population  centered  about 
5  nm  and  the  BET  surface  area  (75  m2  g-1 ).  Pore  elimination  in  this 
sample  causes  also  a  significant  volume  contraction  (75  x  15nm). 
In  fact,  TEM  pictures  (Fig.  2)  show  that  the  slit-shaped  pores  run¬ 
ning  along  the  long  axis  have  almost  disappeared,  which  explains 
the  more  pronounced  contraction  for  the  short  axis  (40%  vs.  15%). 
Fig.  4  (goethite  heated  at  400  °C/2  h  with  retention  of  the  coating) 
clearly  shows  that  the  experimental  method  developed  to  deposit 
the  nanoshells  was  indeed  successful.  Fig.  4  also  shows  the  image 
of  a  sintered  a-Fe203  sample  (obtained  from  bare  goethite  heated 
at  900°C/12h  plus  600°C/24h)  that  was  prepared  to  compare  its 
electrochemical  response  with  that  of  the  nanorods. 

3.3.  Electrochemical  lithium  storage  capabilities  ofa-Fe203 
nanorods 

As  mentioned  in  Section  1  our  interest  in  a-Fe203  anodes  is  not 
based  on  its  full  reduction  to  give  metallic  iron  but  rather  in  recent 
results  reported  by  Tarascon  and  co-workers  on  nanoscale  effects 
observed  in  a-Fe203  anodes  [6,7].  These  authors  clearly  showed 
that  a-Fe203  nanocrystals  (20  nm)  prepared  by  hydrothermal 
methods  unlike  micron-sized  particles  give  phases  that  although 


d  (nm)  d  (nm) 

Fig.  2.  TEM  pictures  of  silica  coated  goethite  solid  precursors  thermally  treated  at  (A)  400°C/2  h  and  (B)  700°C/12  h  followed  by  elimination  of  the  silica  coating  in  basic 
media.  The  scale  bar  is  the  same  for  the  two  TEM  pictures.  (C)  Size  distribution  histograms  and  mean  and  standard  deviation  for  the  samples  heated  at  400°C/2  h  and  (D)  at 
700°C/12  h. 
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Fig.  3.  (A)  N2  adsorption-desorption  isotherms  of  silica  coated  goethite  solid  precursors  thermally  treated  at  400  °C/2  h  and  700  °C/12  h  followed  by  elimination  of  the  silica 
coating  in  basic  media.  (B)  Pore  size  distributions  calculated  based  on  the  BJH  model  for  the  samples  heated  at  these  temperatures.  (C)  X-ray  diffraction  (XRD)  patterns  for 
the  two  samples.  The  patterns  only  show  diffraction  peaks  associated  with  a-Fe203.  XRD  clearly  reveals  broadening  in  directions  that  run  parallel  to  the  short  axis  of  the 
nanorods  which  is  less  intense  in  the  sample  heated  at  700°C/12  h  because  pore  coalescence  and  crystal  growth  occurs  simultaneously. 


Fig.  4.  (A)  TEM  picture  for  the  silica  coated  goethite  solid  precursor  thermally  treated  at  400°C/2  h  that  clearly  shows  that  the  experimental  method  developed  to  deposit 
the  nanoshells  was  indeed  successful.  The  TEM  picture  for  the  zirconia/silica  coated  was  similar.  The  presence  of  zirconia  was  noted  by  chemical  analyses  carried  out  by  EDX 
in  single  particles.  Zirconia  is  the  inner  shell  and  only  represents  a  10wt%  while  the  outer  shell  composed  of  silica  represents  a  25  wt%  (35  wt%  for  the  single  shell  case).  In 
fact,  the  situation  is  even  worse  if  one  considers  the  density  of  both  oxides  (5  for  zirconia  vs.  2  gem-3  for  silica).  Thus,  it  is  rather  normal  not  to  clearly  see  the  zirconia  inner 
shell.  (B)  TEM  picture  obtained  from  bare  goethite  heated  at  900°C/12  h  plus  600°C/24h.  Note  that  the  scale  bar  is  significantly  larger  in  (B). 


only  inserted  0.6  Li/a-Fe203  (lOOmAhg-1)  could  theoretically 
insert  up  to  1  Li/a-Fe203  ( 170  mAh  g_1)  at  a  relatively  high  operat¬ 
ing  voltage  (1.6  V  vs.  Li/Li+)  [6,7]. 

Prior  to  analyze  the  operating  voltage  region  around  1.5  V  some 
useful  information  can  be  extracted  from  the  analysis  of  the  first 
discharge  curves  down  to  full  reduction  (cutoff  voltage  0.01  V)  even 
though  as  above-mentioned  this  is  a  highly  irreversible  process 
[6,7,12,13].  The  samples  studied  were  bare  a-Fe203  mesoporous 
(400°C/2h)  and  non-porous  (700°C/12h)  nanorods,  silica  coated 
and  zirconia/silica  a-Fe203  mesoporous  nanorods  (400  °C/2  h  with 
retention  of  the  coating)  and  sintered  a-Fe203  (obtained  from  bare 
goethite  heated  at  900  °C/1 2  h  plus  600  °C/24  h).  The  analysis  of  the 
first  discharge  curves  (Fig.  5)  show  the  presence  of  a  long  plateau 
at  about  0.8  V  which  is  due  to  the  formation  of  a  highly  irreversible 
phase  (cubic-Li2Fe203)  and  the  further  reduction  of  this  phase  to 
give  metallic  Fe  [6-8,12,13].  The  capacity  values  associated  with 
the  reduction  were  in  all  cases  high  (1590  for  porous,  1610  for 
non-porous,  1750  for  silica-porous,  2080  for  zirconia-silica-porous, 
and  1090  mAh  g-1  for  the  sintered  sample).  These  values  corre¬ 
spond  to  9.5,  9.6,  10.4,  12.4  and  6.5  Li  per  a-Fe203,  respectively. 
In  fact,  based  on  a  full  reduction  of  Fe3+  to  Fe°,  one  would  expect  a 
maximum  uptake  of  6  Li/a-Fe203.  The  large  excess  in  capacity  for 
the  nanorods  can  be  regarded  as  originating  from  the  low-voltage 
decomposition  of  the  electrolyte.  This  decomposition  is  believed  to 
occur  below  the  0.8  V  region  though  nanoparticles  (as  it  is  the  case 
of  the  nanorods  here  prepared)  can  catalyze  such  a  decomposition 


at  slightly  higher  potentials  [6,7].  It  is  also  worthy  of  noting  that 
the  silica  and  zirconia-silica  coatings  do  not  block  the  reduction  of 
Fe3+  to  Fe°,  that  is,  they  do  not  completely  block  the  electrochemical 
reaction  with  lithium. 


Specific  capacity  /  mAhg"1 

Fig.  5.  First  discharge  curve  of  bare  a-Fe203  porous  nanorods,  non-porous  nanorods, 
silica  and  zirconia-silica  coated  a-Fe203  porous  nanorods  and  sintered  a-Fe203. 
Inset  shows  a  zoom  at  operating  voltages  higher  than  1 .0  V  (a  line  showing  an  uptake 
of  1  Li/a-Fe203  is  marked). 
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Fig.  6.  (A)  Cycling  performance  up  to  an  uptake  of  1  Li/a-Fe203  (170  mAhg-1 )  of  bare  a-Fe203  porous  nanorods,  bare  a-Fe203  non-porous  nanorods  and  zirconia-silica  and 
silica  coated  a-Fe203  porous  nanorods.  (B)  X-ray  diffraction  patterns  for  the  bare  a-Fe203  porous  nanorods,  and  zirconia-silica  and  silica  coated  a-Fe203  porous  nanorods 
as  well  as  for  the  non-porous  after  the  cycling  (an  original  sample  has  also  been  included  for  comparison).  XRD  clearly  reveals  broadening  in  the  direction  whose  main 
component  runs  parallel  to  the  short  axis  of  the  nanorod  and  a  narrow  peak  in  the  direction  whose  main  component  runs  parallel  to  the  long  axis.  A  significant  broadening 
in  the  narrow  peak  (loss  of  rod-like  morphology)  is  only  observed  for  the  bare  a-Fe203  porous  nanorods.  This  result  is  associated  with  electrochemical  grinding. 


We  are,  however,  interested  in  the  operating  voltage  region 
around  1.5  V  (electrodes  intrinsically  safer).  For  example,  in  our 
samples  as  above  mentioned  nanorods  catalyze  the  decomposi¬ 
tion  of  the  electrolyte  at  0.8  V.  As  expected,  the  sintered  sample 
does  not  show  any  significant  electrochemical  reaction  until  an 
operating  voltage  of  about  0.8  V  is  reached.  However,  the  nanorods 
clearly  exhibit  the  signatures  of  electrochemical  processes  at  oper¬ 
ating  voltages  above  1  V.  Thus,  bare  nanorods  with  slit-shaped 
mesoporosity  clearly  display  a  plateau  region  about  1.7  V  which 
extends  up  to  1  Li/a-Fe203  (170 mAhg-1)  while  the  non-porous 
nanorods  also  exhibit  a  plateau  region  at  this  operating  voltage  but 
with  a  significant  reduction  in  specific  capacity  (0.7  Li/a-Fe203). 
We,  thus,  could  conclude  that  lithium  transport  distances  play 
a  significant  role  in  the  electrochemical  processes  that  occur  at 
operating  voltages  higher  than  0.8  V.  In  fact,  on  the  basis  of  an 
uptake  of  1  Li/a-Fe203  for  the  non-porous  nanorods  we  could  think 
that  the  electrochemical  reaction  is  retarded  with  respect  to  the 
porous  nanorods  because  of  longer  lithium  transport  distances  (i.e. 
shifted  to  a  lower  cell  voltage,  1 .2  V,  Fig.  5).  The  cases  of  the  porous 
nanorods  in  which  the  silica  and  zirconia-silica  surface  layers  have 
been  preserved  are  very  helpful  in  this  issue.  Impedance  effects 
associated  with  the  presence  of  these  insulating  nanolayers  clearly 
retard  the  electrochemical  reaction  shifting  the  operating  voltage 
on  the  basis  of  an  uptake  of  1  Li/a-Fe203  at  lower  voltages  when 
compared  to  the  bare  porous  nanorods  (1.1  V  for  silica  and  1.3  V 
for  the  zirconia-silica  coated  nanorods).  Thus,  from  this  study  we 
can  conclude  that  during  the  first  discharge  process,  bare  nanorods 
with  slit-shaped  mesoporosity  reach  a  capacity  of  1 70  mAh  g-1  at  a 
relatively  high  operating  voltage  (1.7  V  vs.  Li/Li+),  that  is,  very  sim¬ 
ilar  to  the  behavior  of  Li  nanosized  titanates  [31,32].  The  picture, 
however,  needs  to  be  completed  by  studying  the  capacity  retention 
after  several  charge-discharge  processes.  The  cycling  performance 
after  50  cycles  of  the  nanosized  materials  up  to  an  uptake  of  1  Li/a- 
Fe203  (170 mAhg-1)  is  displayed  in  Fig.  6A.  Bare  nanorods  with 
slit-shaped  mesoporosity  suffer  a  gradual  loss  in  capacity  reten¬ 
tion  (0.7  Li,  1 1 5  mAh  g-1 ,  at  1 C  after  50  cycles).  On  the  other  hand, 
the  non-porous  and  the  coated  porous  samples  suffer  a  more  pro¬ 
nounced  loss  of  capacity  during  the  first  charge-discharge  cycles 
reaching  a  constant  value  (80 mAhg-1,  0.5  Li)  after  20  cycles  for 
the  slower  samples. 

As  above-mentioned  previous  studies  on  hematite  particles  of 
about  20  nm  prepared  by  hydrothermal  methods  indicated  that 
there  was  a  limit  for  lithium  uptake  of  about  0.6  Li/a-Fe203  (0.5  Li 
after  about  10  cycles  at  only  C/5)  [6,7].  Furthermore,  these  studies 
also  indicated  that  electrochemical  grinding  also  took  place  in  such 
small  particles.  Fig.  6B  clearly  shows  the  effect  of  electrochemical 


grinding  in  the  bare  nanorods.  A  significant  broadening  in  the  direc¬ 
tion  whose  main  component  runs  parallel  to  the  long  axis  is  only 
observed  for  the  bare  nanorods  with  slit-shape  mesoporosity  (i.e. 
loss  of  rod-like  morphology).  Our  data,  thus,  suggest  that  the  open 
structure  of  the  bare  nanorods  having  slit-shaped  mesoporosity 
favors  the  electrochemical  reaction  with  lithium.  However,  electro- 
chemically  driven  grinding  effects  upon  reaction  with  lithium  could 
gradually  damage  the  integrity  of  the  bare  porous  nanorods  making 
more  difficult  their  electrochemical  reaction  with  lithium.  Thus,  the 
final  picture  is  that  irreversibility  processes  associated  with  surface 
groups  are  gradually  favored  in  the  bare  porous  nanorods  as  the 
structural  damage  takes  place,  and  capacity  retention  is  gradually 
lost  in  the  bare  porous  nanorods  after  each  charge  and  discharge 
process.  For  the  other  samples  here  prepared  (non-porous  and 
coated)  and  the  hematite  particles  of  about  20  nm  prepared  by 
hydrothermal  methods  [6,7],  the  electrochemical  reaction  with 
lithium  is  already  hindered  from  the  beginning  of  the  process  and 
strong  irreversibility  associated  with  surface  processes  can  take 
place  rapidly.  Finally,  it  should  be  mentioned  that  the  bare  nanorods 
with  slit-shaped  mesoporosity  still  show  a  capacity  retention  of 
about  0.7  Li  ( 1 1 5  mAh  g-1 )  at  1 C  ( 1  Li/h)  after  50  cycles.  This  capac¬ 
ity  retention  is  significantly  higher  than  the  0.5  Li  after  about  10 
cycles  at  only  C/5  (1  Li/5  h)  for  hydrothermally  prepared  20  nm 
nanocrystals. 

4.  Conclusions 

We  have  shown  that  a  method  that  combines  the  elec¬ 
trostatically  driven  self-assembly  with  specific  adsorption  and 
magnetically  easy  to  disrupt  soft  aggregates  is  adequate  for  the 
production  of  a-Fe203  (hematite)  nanorods  with  different  tex¬ 
tural  characteristics  (porosity)  and  surface  composition  (core, 
core-nanoshell  and  core-double  nanoshells).  We  have  also  shown 
that  lithium-ion  battery  anodes  based  on  the  use  of  these  nanorods 
present  a  phase  whose  specific  capacity  at  safe  operating  volt¬ 
ages  (~1.6  V)  strongly  depends  on  the  textural  characteristics  of 
the  nanorods.  Thus,  the  specific  capacity  can  be  increased  by  a 
factor  of  about  1.5  when  slit-shape  mesopores  running  along  the 
long  axis  of  nanorods  are  present.  This  increase  in  capacity  at 
relatively  high  operating  voltages  has  been  associated  with  the 
high  accessibility  for  lithium  that  nanorods  having  slit-shaped 
mesoporosity  do  have.  On  the  other  hand,  the  gradual  loss  of 
capacity  after  several  charge-discharge  processes  has  been  asso¬ 
ciated  with  electrochemical  grinding.  Thus,  we  anticipate  that 
a-Fe203  mesoporous  materials  in  which  actions  have  been  taken 
to  prevent  electrochemical  grinding  could  operate  at  voltages  and 
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retain  a  capacity  similar  to  that  of  nanosized  lithium  titanate 
anodes. 
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